Viral contamination of public waters is a leading health concern around the world, including in Minnesota where cold climate, abundant onsite systems on poor or thin soils, and abundant surface water resources present a significant risk of wastewater pathogens reaching sensitive water sources. Three alternative onsite treatment systems, a sand filter, peat filter and subsurface-flow constructed wetland (CW) at a field research site were evaluated for seasonal virus removal by seeding each with MS2 bacteriophage. The sand and peat filters and CW removed 2.7, 7.0, and 1.4 log 10 of MS2, respectively, during summer and 1.8 and 6.9 log for the sand and peat filter during winter (CW not seeded). Somatic coliphage reductions for the sand filter, peat filter and CW were 2.9, 3.5, 1.0 log 10 in summer, and 1.5, 2.8, 0.7 log 10 during winter, respectively over a 3 year period. During this period, fecal coliform log 10 reductions were 2.9, 4.6, 2.0 in summer for the sand and peat filters and CW, and 2.0, 4.6, 1.6 in winter. The peat filter was the most effective system for removing MS2, somatic coliphage and fecal coliforms during both winter and summer but all systems removed .90% of viruses throughout the year.
INTRODUCTION
Viruses are of particular concern to humans due to their highly infectious nature and the low dose required to cause infection (Bosch 1998) . Viral pathogens from contaminated water supplies alone are responsible for at least 5-18 million deaths a year, mostly in infants in developing countries (Farthing 1989) . Across the United States, about 26 million homes utilize onsite septic systems and nearly half of these are over 30 years old and failing or noncompliant with state regulations (USEPA 2002) . Researchers have suggested that septic systems are the most commonly reported cause of groundwater contamination in the US and have indicated that even properly working septic systems remove only 24 -83% of enteric viruses (Payment et al. 1986; Powelson & Gerba 1994; Higgins et al. 2000) . These viruses, including polio virus, hepatitis, norwalk virus, rotavirus and others, can easily reach water sources and become a serious human health concern. This problem is accentuated in communities in northern Minnesota due to lack of centralized wastewater treatment, small lot size, close proximity to water sources, poor or thin soils, and a long, severe winter during which performance may decrease dramatically McCarthy et al. 1998 McCarthy et al. , 1999 Axler et al. 2001; Henneck et al. 2001; Pundsack et al. 2001; Kadlec et al. 2003) . In Minnesota, nearly 30% of the population is dependent on onsite treatment systems with more than 500,000 individual onsite treatment systems in use state-wide (MPCA 1996) .
Several alternative onsite wastewater treatment systems (more recently called performance-based systems) have been developed which may potentially alleviate these problems. Sand filters, peat filters and constructed wetlands (CWs) in combination with septic tanks, have been shown to be effective in warm climates at removing solids, pathogens (Gersberg et al. 1987; Barrett et al. 2001; Hill & Sobsey 2001; Karpiscak et al. 1999) , biochemical oxygen demand (BOD 5 ) and nitrogen and phosphorus (McCarthy et al. , 1997 . The efficiency of wastewater treatment has been shown to decrease in cooler climates.
McCarthy et al. (1997, 1998, 1999) and Axler et al. (2001) showed significant decreases in the reduction of nitrogen, phosphorus and BOD 5 in winter relative to summer.
Despite the poorer performance, these systems still produced acceptable effluent that was comparable to that produced by secondary treatment in municipal wastewater treatment plants. The winter decrease in treatment is thought to be largely due to a reduction in overall microbial metabolism (Sundaravadivel & Vigneswaran 2001) .
Although treatment was shown to be acceptable for total suspended solids (TSS) and BOD 5 , much less data exists for the effect of cold temperature on the removal of potential human pathogens, that is, bacteria, parasitic protozoans, helminths and viruses. In fact, the use of these alternative systems in Minnesota was delayed until effective pathogen removal in both winter and summer could be demonstrated (McCarthy et al. 1997; Crosby et al. 1998; Wallace et al. 2001; Kadlec et al. 2003) .
In northern climates, most of what is known about
pathogen removal is based on traditional indicator organisms (i.e. fecal coliforms and E. coli). Recently, demonstration projects performed near Duluth, Minnesota, at a cluster CW treatment system at Grand Lake and at replicate residential sized systems at the North East Regional Correction Center (NERCC) research site showed them to be effective in removing fecal coliforms year round, but with reduced efficiency in the winter Axler et al. 2001; Henneck et al. 2001; Monson-Geerts et al. 2001; Pundsack et al. 2001 Pundsack et al. , 2005 . Traditional bacterial indicators have come under intense scrutiny as indicator organisms for human pathogens because of their lack of correlation with levels of enteric viruses and their low survivability in aquatic environments (Goyal & Gerba 1983; Stetler 1984; Havelaar et al. 1993; Ferguson et al. 1996; Calci et al. 1998; Leclerc et al. 2001) . Bacteriophages, viruses that only infect bacteria, have been suggested as a better indicator for evaluating removal of viral pathogens in wastewater treatment systems (Debartolomeis & Cabelli 1991; IAWPRC 1991; Havelaar et al. 1993 , USEPA 2001 .
Somatic coliphages (i.e. F £ 174) have been proposed for this purpose, but their ability to replicate in the environment makes them a less than ideal candidate for a good indicator of viral contamination. F þ bacteriophages, or male specific bacteriophages, are more resistant to environmental stressors and behave more similarly to the enteric viruses in aquatic environments than traditional indicators of fecal contamination (Havelaar et al. 1986; IAWPRC 1991; Meschke & Sobsey 2003) . A common male specific phage used as an environmental indicator is the MS2 bacteriophage, which is of similar size, shape and surface potential to many pathogenic viruses (IAWPRC 1991) .
Considerably more information exists regarding pollution by onsite systems removal in warm climates than in cold climates. This information gap has hindered acceptance of alternative systems in Minnesota, where the abundance of onsite systems coupled with poor or thin soils, and abundant, sensitive water resources have created a strong need for more effective systems than the traditional septic tank-leach field. The University of Minnesota-St Louis County NERCC research facility in northern Minnesota is a unique site where duplicated, experimental alternative systems have been examined for treatment of wastewater for over 5 years. Removal data for solids, organic matter, nutrients and fecal coliforms has been routinely collected, but little was known about how well these systems removed viruses. Therefore, the objective of the present study was to estimate virus removal for comparison with traditional fecal coliform based estimates by routinely monitoring somatic coliphage densities, and by determining virus removal by inoculating systems with MS2 to determine specific removal rates for this pathogen surrogate.
MATERIALS AND METHODS

Site description
Alternative onsite wastewater treatment systems were built between 1995 and 1996 at the Northeast Regional Correction Center (NERCC, ,150 inmates) approximately 18 km north of Duluth, Minnesota, in order to have a large reservoir of continuous wastewater. Each system was designed to simulate a single 2-3 bedroom home using a common source of septic tank effluent and similar daily flows so that different systems could be directly compared. nominal retention time of 13 days and areal loading rate of 2.6 g BOD per m 2 day 21 . The first cell of each wetland was planted with cattail species, Typha latifolia and Typha angustifolia, and was designed to achieve a 6.5 day hydraulic retention time (HRT) and achieve the level of secondary treatment based on best available design information (details in Axler et al. 1996 Axler et al. , 2001 Kadlec & Knight 1996; McCarthy et al. 1997) . The second cells of each constructed wetland were designed to enhance nutrient removal by doubling the HRT of the wetlands to 13 days to improve nitrogen removal (see Axler et al. 2001) . These cells were planted with greenhouse raised soft-stem bullrush, Scirpus taebermontani, also intended to aid in N-removal. In addition, limestone gravel was used as second cell substrate to potentially improve phosphate removal. A shallow standard treatment trench constructed in a loamy sand soil received constructed wetland and peat filter effluent as described above. 
MS2 propagation
An overnight culture of E. coli HS(pFamp)R, a pilus forming, 
Sample collection and analysis
Influent and constructed wetland effluent samples were collected manually in sterile 100 ml polypropylene bottles; sand and peat filter samples were collected by an automated sampler. Constructed wetland effluent and centre samples (2E and 2C in Figure 1 ) were collected from a single collection port, whereas mid-cell samples (2B and 2D) were collected by compositing water pumped from sampling pipes at two points across the wetland, each at three different depths. After collection, all samples were transported to the laboratory on ice. Viral assays for the sand and peat filter samples were initiated as soon as possible after collection, typically less than 2 hours. However, samples from days 1 to 7 in the CW experiment were frozen at 2808C after collection for several 
Data analysis
Percentage and log 10 removal efficiencies were calculated for each onsite treatment system by estimating the total amount of MS2 virus retained by each system. These calculations assumed that there was no viral replication once the virus was released into the treatment systems, as has been shown by numerous studies of wastewater within constructed wetlands (e.g. Gersberg et al. 1987; IAWPRC 1991) .
Log 10 Reduction ¼ log 10 ðS influent MS2=S effluent MS2Þ ð2Þ
Minimum detection limit of MS2 in this study was 1 viral plaque within a sample of a given volume and determined as:
MS2 detection limit ¼ ð1=millilitres of sample platedÞ ð3Þ
Q 10 values were calculated to summarize the relative temperature sensitivity of each system. A Q 10 value of 1.0 signifies that the system is non-temperature sensitive, while a higher Q 10 denotes increased temperature sensitivity.
where, k 1 is the rate of viral removal at temperature T 1 and k 2 is the rate of removal at temperature T 2 .
MS2 removal rates in each system were determined by plotting the natural log of the fractional decrease in MS2 concentration, 1n (C t /C o ), as a function of time (t). A linear regression was fit to this data using SPSS v10.1 for Windows, the slope of this regression line indicating the virus removal rate. T 90 values, the time (in days) required to remove 90% of the virus, were calculated based on removal rates for each system.
Statistical analysis
Removal of fecal coliforms and somatic coliphages were summarized for winter (October -May) and summer (JuneSeptember) through years 1996 -2001 as the geometric means of log 10 reductions during these periods. Student t-tests were performed to determine significant differences between winter and summer indicator removal using SPSS v10.1 for Windows.
Error was estimated for MS2 experiments based on propagation of errors as described in Bevington & Robinson (1992) . In brief, error was propagated for MS2 virus plaque count variations and daily flow readings, the products of which were summed throughout all sampling dates. This summation was divided by the total number of samples from each seeding experiment and was then converted to log 10 form to estimate the overall error.
RESULTS
MS2 spike recovery experiments
In summer 2001, the peat filter showed the highest removal efficiency of the seeded MS2 virus, removing 99.99999%
(7.0 log) and taking less than a day to reach 90% removal ( Figure 2 , Table 1 ). Removal was virtually identical at 99.99998% (6.9 log) at winter water temperatures. The sand filter showed the second highest viral removal of the systems tested, removing 99.8% (2.7 log) in summer and taking 23 days for 90% removal. Winter removal efficiency was 98.7%
(1.8 log) and 38 days for 90% removal. The constructed wetland demonstrated the poorest viral removal of the three systems, with a summer efficiency of 96.4% (1.4 log) by the midpoint of the first cell to ,96% at the point of discharge after the second cell, and taking 93 days for 90% viral removal (Figure 3 ). The sand filter had a Q 10 of 2.6 indicating strong temperature sensitivity while the peat filter was so efficient at removing virus that the effluent in winter was near the detection limit and so the calculated Q 10 of 1.1 indicated that its performance was essentially temperature insensitive.
A Q 10 for viral removal could not be calculated for the constructed wetland because of a lack of winter data.
The standard trench receiving CW effluent provided an additional 87.9% (0.91 log) removal after 0.3 m of soil, 88.4%
(0.93 log) reduction after 0.6 m, and 98.5% (1.9 log) after the state-mandated depth of 0.9 m of unsaturated soil (Figure 4 , Table 1 ). At the 0.6 m depth, the trenches reached 90% viral removal after ,110 days, and an additional 0.3 m (0.9 m total) of soil decreased the T 90 by nearly 20 days (Table 1) .
Fecal coliform and somatic coliphage removal
Overall, fecal coliforms were removed more efficiently than somatic coliphages by each system. The peat filter removed 4.6 log fecal coliforms and 3.5 log somatic coliphage during summer and 4.6 log and 2.8 log in winter, respectively. The sand filter reduced fecal coliforms by 2.9 log in summer and 2.0 log in winter and somatic coliphages by 2.6 log in summer and 1.4 log in winter. The constructed wetland reduced fecal coliforms by 2.0 log in summer and 1.6 log in winter and somatic coliphages by 1.0 log in summer and 0.7 log in the winter (Table 2) .
DISCUSSION Overall performance
The NERCC systems efficiently removed bacteria and viruses to varying degrees compared with similar systems around the world (Table 3) Goyal & Gerba (1979) demonstrated this effect by measuring a .3 log decrease in MS2 adsorption due to an increase in pH from 4.5 to 8.2. In other laboratory studies, Bales et al. (1993) observed an 87% (0.9 log) decrease in MS2 sticking efficiency using silica beads and a pH shift from 5.0 to 7.0. Penrod et al. (1996) also noted a similar reduction (75%; 0.6 log) in MS2 sticking efficiency using a quartz medium after a pH shift from 3.5 to 5.0.
These data are consistent with the data from the NERCC systems, where in the peat filter effluent (pH 4.7) the MS2 virus was probably more likely to adsorb to peat granules at a lower pH than to the sand and gravel substrates found in the sand filter and CW at higher pHs. 
Winter vs. summer performances
In general, few differences were seen in the removal of indicator organisms between winter and summer. In fact, the average difference between the water temperature in the summer and winter experiments was only 6.68C Q 10 values based on MS2 removal were used to characterize the relative temperature sensitivity of each system. The peat filter showed little temperature sensitivity with a Q 10 value of 1.1 (a value of 1.0 indicating no temperature effect) with both winter and summer experiments reaching . 90% virus removal in less than 1 day. The sand filter had a Q 10 of 2.7 indicating that a 108C increase in temperature would increase virus removal rates 2.7 fold. In winter, the sand filter required 16 additional days to reduce MS2 levels by 90%. A Q 10 could not be calculated for the constructed wetland because it was not seeded with MS2 in winter. These data may be interpreted to suggest that MS2 removal by the peat filter is relatively temperature insensitive in the conditions tested because removal is accomplished largely by physical filtration and/or pH dependent adsorption. However, viral removal was so complete, even in winter, that any temperature effect was probably masked by the method detection limit.
Effects of substrate saturation on virus removal
Substrate saturation levels can also have an effect on virus survivability in wastewater treatment systems. The constructed wetland was designed to be saturated, operating as a plug flow reactor, although it was loaded intermittently with septic tank effluent (hourly doses). The constructed wetland had the lowest virus removal of all systems tested and commonly experienced anoxia and negative redox Constructed wetland 2.0 (1.3) n ¼ 13 
